Carbon stripper foils have for many years been successfully used with accelerators because they yield higher average charge states than gas strippers. However, with the development of heavy ion accelerators and the resulting use of heavier ions, the carbon stripper foil lifetimes are greatly reduced. Even when using the new foils changer systems, which typically contain two hundred foils or more, it becomes necessary to have frequent accelerator shutdowns for foil reloading. The rate of experiment interruption makes it clear a new approach is necessary to increase foil lifetimes. Several techniques have been tried with varying degrees of success to strengthen these foils so that they will last longer; the most successful one reported a lifetime increase of the order of a factor of 30 over foils produced in the conventional manner.
Introduction
It has long been recognized that carbon stripper foils play an important role in the successful operation of a tandem accelerator. Their location in the machine is shown in Fig. 1 . The introduction of LLI 0 z z PRE -TANDEM BUNCHER heavy ion acceleration has greatly reduced the lifetimes of these foils and considerable time and effort has been spent to better understand the reasons for this reduction as well as to find ways to increase their lifetimes or discover new types which last longer. Yntemal) presented a review in which he discussed such topics as charge states, multiple scattering, and energy straggling of heavy ions. The chief advantage of using foils for heavy ion accelerators is that they yield higher average charge states than does the method of gas stripping. As a result the energy of the beam emerging from the accelerator can be substantially higher than that from gas stripping. Also, one avoids some of the operational difficulties that would be expected from the use of gas strippers.
The first approach to bypass the short lifetime of the stripper foils in heavy ion accelerators was to greatly increase the number of foils in the accelerator. Several and to restabilize the machine.
Heating and Rotating Foils During Bombardment
With the oncoming development of the superconducting linac booster system to be used with the FN tandem accelerator at Argonne National Laboratory, it was apparent that longer-lived carbon stripper foils would be needed. This system was proposed to accelerate ions up to Xv mass 120.
Yntema2,3,4)performed a series of experiments using foils produced by a carbon arc in which he observed a significant increase in carbon foil lifetimes by either heating or rotating the foils or both. In these experiments a 3-3.5 MeV Krypton beam from the Argonne Dynamitron was used and the foils were heated to 450 + 1500C. Later work by Thomas et al.5) confirmed the earlier work of Yntema ( see Table I ).
_ Table I In another experiment6) a rotating target system was t'sed having eight separate carbon foils (5 pg/cm2) mounted over elongated slots near the periphery of a 10 cm dia. aluminum wheel rotating at 1400 rpm. This arrangement has a foil lifetime approximately equivalent to 100 single foils. Heating or rotating foils in these ways does increase their lifetime but the difficulty in finding a place in the accelerator to mount such a large system at this time may not seem to justify the foil liftime increase that would be ach4eved.
Various explanations have been offered for the lifetime increase produced by heating the foils. Since radiation damage can be annealed out of graphite, it was thought that this would also apply to the foils. It is possible that radiation damage caused by the beam changes the structure of the carbon or causes the atoms to migrate to the area of the beam. This might explain the dark spot seen on the foil, followed by a gradual tightening of this area and the eventual rupture of the foil from the subsequent stresses produced in it. The beam may also cause the carbon to graphitize (acquire a crystalline structure), re-ordering the atoms in the area of this beam and compacting them. Residual carbon in the beam tube could also contribute to the mass of the beam spot.
Foils Made by Cracking Ethylene Gas in a Glow Discharge
The conventional technique for manufacturing carbon foils has been by vacuum deposition from a carbon arc or, less frequently, from electron beam heating. A new approach to producing carbon stripper foils has been taken by Whitmel et al.7) which consists of cracking ethylene gas in a glow discharge. The method of cracking ethylene gas to produce carbon was first described by K'onig and Helwig8). The intent of depositing the film by this method was to produce material which although amorphous would be more resistive to radiation damage than conventional carbon arc foils.
A system similar to theirs for producing these films is shown in Figure 2 . MeV argon beam with a 10 mm2 spot, the lifetime being the point at which the foil split or until a significant hole appeared. The lifetime is increased by about a factor of 30-40 by using slackened foils made by glow discharge over that obtained for standard foils made by the carbon arc method. Using heavier ions, the foil lifetimes are greatly reduced but the clear advantage to using slackened glow discharge foils is still evident. As stated earlier, the principal mechanism which causes the stripper foil to rupture during ion bombarment is not well understood. One possibility is that heat deposited in the foil due to the loss of energy by a heavy ion may cause the originally amorphous carbon to be graphitized in the area of the beam. The local mass density is increased due to the rearrangement of the atoms. Stress lines then occur in the area of the non-irradiated foil, causing it to break. Also, these heavy energetic ions traversing the foil may further damage its structure in a way which we do not understand.
Maier-Komorl6) suggested that foils be treated such that they would exhibit a non-amorphous crystalline structure before they are exposed to the beam, thus preventing stress between the irradiated and nonirradiated areas. Sander and Bukowl7) 4. Producing carbon stripper foils by glow discharge. 5. Graphitizing the foils before use by thermal, electron bombardment, or laser heating. It is difficult to quantitatively compare each type of foil since different methods were used to prepare the standard foils, the beams used were not the same and each experimenter had his own criteria for deciding when a foil was no longer useful. As a result we have made no direct comparisons for the lifetimes of each type of foil. However, it appears that the longest lived foils are produced by either glow discharge or those graphitized by a laser beam.
There is much more interesting work to be done. At present, we may be able to produce foils with acceptable lifetimes. However, in the future with the acceleration of still heavier ions, further improvements in foil lifetime will be needed.
